Abstract This study presents an updated set of earthquake focal mechanisms in the Helvetic and Penninic/Austroalpine domains of the eastern Swiss Alps. In eight cases, based on high-precision relative hypocentre locations of events within individual earthquake sequences, it was possible to identify the active fault plane. Whereas the focal mechanisms in the Helvetic domain are mostly strike-slip, the Penninic/Austroalpine domain is dominated by normalfaulting mechanisms. Given this systematic difference in faulting style, an inversion for the stress field was performed separately for the two regions. The stress field in the Penninic/Austroalpine domain is characterized by extension oriented obliquely to the E-W strike of the orogen. Hence, the Penninic nappes, which were emplaced as large-scale compressional structures during the Alpine orogenesis, are now deforming in an extensional mode. This contrasts with the more compressional strike-slip regime in the Helvetic domain towards the northern Alpine front. Relative to the regional stress field seen in the northern Alpine foreland with a NNW-SSE compression and an ENE-WSW extension, the orientation of the least compressive stress in the Penninic/Austroalpine domain is rotated counter-clockwise by about 40°. Following earlier studies, the observed rotation of the orientation of the least compressive stress in the Penninic/Austroalpine region can be explained as the superposition of the regional stress field of the northern foreland and a uniaxial extensional stress perpendicular to the local trend of the Alpine mountain belt.
Introduction
The analysis of earthquake focal mechanisms to derive information about the style of deformation and the state of stress in the brittle layers of the Earth's crust is a wellestablished procedure. This information constitutes a substantial contribution to our understanding of the current tectonics of a given region. In addition, the slope of earthquake recurrence relations (the so-called b-value of the empirical Gutenberg-Richter law), which determines the relative frequency of occurrence of large and small earthquakes, differs for different stress regimes (Schorlemmer et al. 2005) . Thus, observations of regional differences in the state of stress are important input for the definition of source zones used in seismic hazard assessments.
The first comprehensive seismotectonic map of Switzerland, published by Pavoni and Mayer-Rosa (1978) , showed that the then available focal mechanisms in the Swiss Alps and northern Alpine foreland were compatible with a crust deforming as a consequence of the ongoing convergence between Europe and Africa and of spreading along the northern Atlantic ridge. As more focal-mechanism data became available, this picture was gradually refined. A Editorial handling: Ann Hirt and A. G. Milnes.
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The online version of this article (doi:10.1007/s00015-013-0129-5) contains supplementary material, which is available to authorized users. detailed analysis of focal mechanisms in the Valais ) and a microseismic study with a temporary network of portable seismographs revealed striking differences between the deformation observed in the Helvetic domain north of the Rhone valley and the Penninic domain to the south. Seismicity in the Helvetic nappes and the underlying basement is characterized mainly by strike-slip events, compatible with the expected crustal shortening. In the Penninic nappes, which formed earlier in the Alpine orogeny as a consequence of large-scale thrusting, present-day earthquake focal mechanisms are evidence of extensional deformation oriented obliquely to the general E-W trend of the mountain range. Stress inversions of earthquake focal mechanisms in the Valais confirmed this difference Kastrup 2002; Kastrup et al. 2004 ). Similar differences in style of deformation and state of stress have been observed also in the Western Alps of France and Italy (Eva et al. 1997; Eva and Solarino 1998; Sue et al. 1999; Delacou et al. 2004) .
The results of a 2-year microseismic study with a temporary network of portable seismographs in Graubünden and the upper reaches of the Rhine Valley of St. Gallen suggested that there are substantial differences in faulting style between the Helvetic domain of eastern Switzerland and the Penninic/Austroalpine domain (Roth et al. 1992; Pavoni et al. 1997 ). These differences have also been noted by Persaud and Pfiffner (2004) in a comparison of postglacial faults and lineaments with earthquake focal mechanisms in the eastern Swiss Alps.
In a large-scale study of deformation and stress in the Western and Central Alps, Delacou et al. (2004) included also the eastern Swiss Alps in their stress inversion. However, as noted by Kastrup et al. (2004) , it is questionable whether the focal mechanism data available at that time were sufficient to perform a well-constrained stress inversion for that region. So the question whether a similar change in stress regime and orientation as in the western Swiss Alps exists also in the east remained to be answered. Meanwhile, the number of events for which focal mechanisms could be derived increased substantially. In this article we present the results of a stress inversion based on all focal mechanisms available to date in the eastern Swiss Alps. A detailed documentation of the eight earthquake sequences for which it was possible to identify the active fault plane can be found in the Appendix, which is included as an electronic supplement (online resource 1).
Tectonic setting and seismicity
The region of interest in this study comprises four major tectonic units: the Helvetic domain at the northern Alpine front, the Aar-and Gotthard-crystalline massifs, the complex stack of Penninic nappes in the southwest and the Austroalpine domain to the east and southeast (Fig. 1) . The Helvetic domain consists mainly of Mesozoic sedimentary nappes overlying the Tertiary sediments of the Alpine foreland in the north and the Variscan crystalline basement further south. The latter manifests itself in the Aar-Gotthard massif, exposed to the west of our profile (Fig. 1) . The Penninic nappes form a complex sequence of nappes consisting of both sedimentary and crystalline units that have been piled up during the earlier thrusting episodes of the Alpine orogeny. As illustrated by the cross-section in Fig. 2 , these two structural elements-the Helvetic nappes (including the underlying Infrahelvetic units and the Aar and Gotthard basement) and the Penninic nappes-are the dominant tectonic features in the western part of the region of interest. Further to the east, the region is characterized by the remains of both sedimentary and crystalline Austroalpine units that cover the underlying Penninic nappes. More detailed discussions of the structure of the eastern Swiss Alps can be found in Pfiffner and Hitz (1997) and in Schmid et al. (1997) .
In Fig. 3 , we show the epicentres of the earthquakes with magnitudes M L C 2 recorded between 1984 and 2012 in Switzerland and surroundings. During this period, the seismic activity in the region of interest was largest in the east and south-east, comprising parts of both the Helvetic and Penninic/Austroalpine domains, where the earthquakes tended to occur in pronounced clusters. In the western part of the study area, which comprises parts of the Penninic domain and the adjacent Aar-Gotthard region, the recent seismic activity has been comparatively low. As already noted by Roth et al. (1992) and confirmed by all subsequent observations, focal depths below the eastern Swiss Alps are restricted to the upper 10-15 km of the crust. In the crosssection shown in Fig. 2 , we have plotted the hypocentres of those events for which we have focal mechanisms and which lie within a horizontal distance of 12 km from the profile. This shows that, in the Helvetic domain, many of the significant events occurred within the sedimentary units below the Helvetic nappes or within the immediately underlying basement. Further to the south, the hypocentres are located in the stack of the Penninic nappes.
Focal mechanisms
The set of focal mechanisms available for the present study comprises a total of 44 events (28 in the Helvetic domain and 16 in the Penninic/Austroalpine domain). The corresponding parameters are listed in Table 1 , and the faultplane solutions are plotted on the tectonic map in Fig. 4 . Thus, the available data set has more than doubled compared to that available to Kastrup et al. (2004) and to Delacou et al. (2004) . The magnitudes (M L ) of these events range between 2.1 and 5.0, and computed focal depths range from 1 to 11 km, with an average depth of about 5 km. As discussed in more detail in the Appendix (online resource 1) and in the various other references to the corresponding focal mechanisms, the typical focal-depth uncertainty is on the order of 3 km.
For the two events of Buchs (H9) and Quinten (H13) focal mechanisms are computed from full-waveform moment-tensor inversions (see Braunmiller et al. 2002 for an overview of the method). Focal mechanisms of the two Bormio events (P7 and P9) are taken from a still ongoing study of the sequence that these events are part of, and their parameters are very similar to results of the full-waveform moment-tensor inversions of Braunmiller et al. (2002) . All other focal mechanisms are derived from fault-plane solutions based on first-motion polarities, either published previously in the literature (see Table 1 for references) or documented in the Appendix (online resource 1). In order not to give undue weight to earthquake sequences with several essentially identical events, only one mechanism, generally of the strongest event in the sequence, is listed in Table 1 and is used for the stress inversion. For sequences with several focal mechanisms that differ significantly from each other, Vaz (P5 and P6), Bormio (P7 and P9), Wildhaus (H24, H25 and H27), we selected those events whose mechanisms are well constrained and which are representative of the observed variability. In the case of the Vaz sequence, event P6 was chosen because, as documented in the Appendix (online resource 1), for this event it was possible to identify the active fault plane.
The preponderance of strike-slip mechanisms and some thrust events in the Helvetic domain, in contrast to the normal faulting events that dominate in the Austroalpine and Penninic domain, is clearly visible in Fig. 4 . As listed in Table 1 , we have therefore subdivided the data set according to their tectonic setting. For some of the events located in the border region between tectonic units, it might be debatable to which domain they should be attributed. This applies in particular to the events of Bad Ragaz (event numbers H15 and H21) as well as to the events of Vaduz (H26) and Feldkirch (H28). Given that the surface extent of the different tectonic units is the expression of processes that occurred in the distant past and that the focal mechanisms of the events recorded over the last 30 years represent the present stress field, we separated the two data subsets according to their geographical location rather than by following strictly the tectonic boundaries.
The difference in faulting style between the Helvetic and the Penninic/Austroalpine domains is illustrated also by the stereographic projections of the P-and T-axes in Fig. 5 . In the Helvetic domain, the P-axes are nearly all more or less horizontal, with two exceptions that . The study area is outlined by the trapezoidal frame, and the oblique line is the trace of the cross-section in Fig. 2 correspond to the normal faulting mechanism of Sachseln and Vaduz (event numbers H2 and H26 in Table 1 ; Fig. 4 ), while the variability of the plunge of the T-axes is typical of a strike-slip regime with some thrust faults. In the Penninic/Austroalpine domain, all the T-axes lie close to horizontal, while the plunge of more than half of the P-axes is steep, typical of a normal faulting environment with some strike-slip events. Note however, that the average azimuthal orientation of the axes does not seem to differ by more than 10°between the two domains. Figure 5 shows also the orientation of the nodal planes in a polar histogram (rose diagram) and the orientation of the poles of the nodal planes in a stereoplot separately for the two tectonic regions. For the sake of consistency, these diagrams include both nodal planes also for those ten events for which we were able to identify the active fault plane (see chapter 4 and online resource 1). In the Penninic/Austroalpine domain, most nodal planes tend to bundle more closely along a direction perpendicular to the mean orientation of the T-axes, as is to be expected for a normal faulting environment, while in the Helvetic domain most nodal planes tend to form two sets more or less perpendicular to each other in accord with a strike-slip environment. At least qualitatively, the observed variability in faulting style confirms the conceptual model proposed by Roth et al. (1992) , based on a much smaller data set.
Stress inversion
The fundamental assumption underlying all methods to derive information about the stress field from focal mechanisms is that this field is homogeneous over the entire region under consideration. Obviously, the difference in faulting style observed across the eastern Swiss Alps contradicts this assumption for the region as a whole. Hence, the stress inversion must be performed separately for the Penninic/Austroalpine domain and for the Helvetic domain (Table 1 ). In addition, based on the results of the stress inversion discussed below, we tested the stresshomogeneity of the Helvetic domain, by performing the inversion on an eastern and a western subset of the Helvetic data separately (the eastern subset is taken from the smaller region outlined in Fig. 4 ). The quality of stress inversions based on focal mechanisms can be improved if the fault on which the earthquake actually occurred can be identified. However, from a faultplane solution it is not possible to decide which of the two nodal planes corresponds to the active fault. In some cases, the analyzed events are part of a cluster of earthquakes with similar signals and the same focal mechanism. High-precision relative-location techniques, based on arrival-time differences determined from signal correlations, show that the hypocentres of individual events in such clusters usually lie on a plane that matches one of the nodal planes of the focal mechanism. In the Appendix to this article (online resource 1) we document the previously unpublished results of such relative hypocentre locations for eight earthquake clusters, whose focal mechanisms are part of the data set used for our stress inversion (see the Electronic Supplement). Together with the events of Steinibach and Oberrickenbach analyzed by Roth et al. (1992) and Deichmann et al. (2000) we can thus identify the active faultplane in a total of eleven cases. Unfortunately, only the Paspels sequence of 2007-2009 is located in the immediate vicinity of recent-tectonic faults as mapped by Persaud and Pfiffner (2004) , but in this case the active fault plane at depth strikes E-W, whereas the faults mapped at the surface nearest to the epicentre strike more or less N-S. Nevertheless, the E-W striking fault plane of the Paspels sequence is in accord with a prominent series of recently active E-W striking faults mapped along a band extending from the Vorab region in the west all the way to Klosters in the east (Fig. 11 of Persaud and Pfiffner 2004) . However, as noted by Persaud and Pfiffner (2004) , it is unlikely that any of the recently activated faults that they mapped are direct surface expressions of earthquake faults at depth, but that they are at best secondary features related to such earthquakes.
The method we used for the stress inversion is a linear inversion method introduced by Michael (1984 Michael ( , 1987a . The objective of this method is to minimize the angle between the direction of slip and the direction of the maximum shear stress resolved onto the fault while keeping strike and dip of fault plane fixed. Input data for the stress inversion are dip direction, dip angle and rake, for each earthquake focal mechanism. To address the problem of the ambiguity of not knowing the active fault plane, Michael (1987a, b) applied a bootstrapping method. This leaves all possible fault planes (active and auxiliary planes) in the data set so that they can be chosen randomly during the stress inversion computation. In our data set, some active fault planes are known. For each of these cases, the active fault plane is taken twice while excluding the other one, thereby giving it a larger weight in the inversion. The results of the inversion are trend and plunge of the three principal axes of the stress tensor as well as the ratio of the differences between the magnitudes of the three stress axes defined as U = (S2-S3)/(S1-S3), with S1 [ S2 [ S3. An alternative definition of the ratio of differential stresses is R = (S2-S1)/(S3-S1), as given in Kastrup et al. (2004) . The two definitions are equivalent and are related through R = 1-U. The optimum orientations of the stress axes are shown together with their scatter as derived from the bootstrap analysis in the stereo-plots in Fig. 6 , and the corresponding parameters are listed in Table 2 , together with the value and standard deviation of U and of the angle b. The latter is the average misfit between the observed slip and the shear stress resolved on all fault planes used in the inversion and is a measure of the degree to which the assumption of a uniform stress field is valid in the given region (e.g. Michael 1991).
Discussion
From the stress-inversion analysis, the stress field in the Penninic/Austroalpine domain corresponds to a normalfaulting regime with an almost vertical maximum compressive stress (S1) and a practically horizontal minimum compressive stress (S3) with NE-SW orientation and relatively little scatter (Fig. 6) . Whereas the direction of S3 is well constrained by the inversion, the scatter of the possible directions of S1 and S2 forms an almost continuous band along a vertical plane. This is symptomatic for a situation in which the magnitudes of S1 and S2 are similar, a fact that is reflected also in the relatively large U value of 0.73 ± 0.08. The average and standard deviation of the Table 1 ; the nodal planes which could be identified as the active fault planes are marked in red.
The oblique line is the trace of the cross-section in Fig. 2 . The small polygon delineates the eastern part of the Helvetic domain discussed in the text, corresponding to the stress-inversion results marked ''Epart of Helvetic'' in Aki and Richards (1980) , where the plane dips to the right when viewed in the direction of strike. The parameters of the P-and T-axes are given as azimuth and plunge. In bold are those nodal planes that have been identified as the active fault planes. Type specifies the faulting type according to the classification of Zoback (1992) : SS strike-slip fault, NF normal fault, TF thrust fault, TS oblique thrust fault, NS oblique normal fault, UD undefined. References: online resource 1 (Appendix), H15, H24-27, P5-6, P12-14, P16; Baer et al. (1999) angle b are small, so that the assumption of a nearly uniform stress field in this region seems to be justified (Michael 1991) . For the Helvetic domain, the stress inversion results in a nearly vertical intermediate stress axis (S2), typical for a strike-slip regime. The S1 axis is practically horizontal and its NW-SE orientation is well constrained and consequently the S3 axis is oriented NE-SW. The U value is 0.31 ± 0.08, which implies that the magnitude of S2 is closer to S3 than to S1. This is also reflected in the larger scatter in dip of S2 and S3 than of S1. The average and standard deviation of the angle b is considerably larger for the stress inversion of the Helvetic data set than of the Penninic/Austroalpine data. This might be symptomatic of a non-uniform stress state in the former, a possibility that is also suggested by two cases of thrust and normal faulting events occurring in close proximity to each other (see Fig. 4 ; Table 1 ). To test this, we performed the inversion separately for two subsets of the Helvetic data, as outlined in Fig. 4 . The selection of the two data subsets was performed by visual inspection of the focal mechanisms, with the goal of maximizing potential differences in stress orientations. Overall, the inversion results of the two data -part of Helvetic S1 S2 S3 Helvetic Penninic/Austroalpine E-part of Helvetic Fig. 6 Results of the stress inversion (lower-hemisphere Wulffprojections) for the Penninic/Austroalpine and the complete Helvetic data sets, as well as for the two Helvetic subsets outlined in Fig. 4 . S1, maximum; S2, the intermediate; S3, the minimum compressive stress axis. The larger white symbols show the orientation of the principal axes of the optimum stress tensor. The scatter around the optimum orientation for each stress axis shows the 95 % confidence limits of the boot-strap inversions subsets are similar to each other and to the data set as a whole: in all three cases we obtain a strike-slip regime with a slight counter-clockwise rotation of the orientation of the principal axes from east to west (Fig. 6) . While the average value and standard deviation of b improves for the eastern subset relative to the dataset as a whole, it actually deteriorates slightly for the western subset. Also the scatter of the possible stress orientations increases for the inversions of the subsets, probably due to the fewer data points compared to the entire Helvetic data set. Different ways of subdividing the data set are not likely to change the result significantly. We therefore consider the inversion results based on the Helvetic data set as a whole to be a good representation of the average stress orientation for the given region. The difference in stress regime between the Helvetic and Penninic/Austroalpine domains is reflected not only in the different orientations of the principle stress axes, but also in their absolute values. Figure 7 is a graphical comparison between the stress levels in the two regions. It is based on three assumptions: (1) one of the principle stress axes is vertical and equal to the lithostatic pressure, (2) the weight of the overburden is the same in both regions, and (3) the friction coefficient and the pore pressure on a given fault are the same in both regions. With these simplifying assumptions and the U values obtained from the stress inversion it is possible to compute the stresses required to trigger slip on a fault optimally oriented with respect to each stress field. Figure 7 shows that, at comparable depths below the topographic surface, the differential stress and absolute values of the principle stresses must be greater in the Helvetic than in the Penninic/Austroalpine domain and that as a consequence there must be a horizontal stress gradient across the northern Alpine front. Following Schorlemmer et al. (2005) , the higher differential stress necessary to trigger an earthquake under a strike-slip regime compared to a normal faulting environment should manifest itself as differences in the relative frequency of occurrence of larger versus smaller earthquakes. This is quantified by the so-called b-value, which is the slope of the logarithm of the cumulative number of events as a function of their magnitude. As a consequence, we would expect lower b-values, and thus a higher propensity for the occurrence of larger earthquakes, in the Helvetic than in the Penninic/Austroalpine domain.
Whether this is the case and the data is sufficient to resolve such a difference will be examined in the course of an ongoing reassessment of the seismic hazard in Switzerland.
It is remarkable that most of the normal faulting events are located in the Penninic nappes, units that were emplaced during the Alpine orogeny as a consequence of large-scale and long-lasting thrusting and crustal shortening. Thus tectonic units that were formed under compression are now deforming under extension. This is illustrated in the depth cross-section shown in Fig. 2 for a subset of the available focal mechanisms, e.g. the events of Vaz, Feldis, Lenzerheide and Bivio. It is likely that also the normal-faulting events of Sertig and Filisur, located east of this cross-section, occurred in the Penninic nappes underlying the Austroalpine units visible at the surface. Thus the situation is practically identical to that observed in the Valais (e.g. Maurer et al. 1997) , where the normal-faulting events are concentrated in the stack of nappes above the Penninic thrust.
An explanation for the differences in faulting style and stress regimes between the Helvetic and Penninic/Austroalpine domains can be found from a comparison with the crustal uplift rates. Uplift rates of 1.2-1.6 mm/year observed in the Penninic/Austroalpine domain of (S2) relative to the maximum (S1) and to minimum principal stress (S3) is based on the computed U values. Sv is assumed to be equal for both regions.
In the Helvetic domain Sv = S2 (strike-slip regime) while in the Penninic domain Sv = S1 (normal-faulting regime). The length of each horizontal bar is proportional to the differential stress needed to trigger an earthquake on an optimally oriented fault under the two stress regimes. It follows that both differential and absolute stresses are higher in the Helvetic than in the Penninic/Austroalpine domain Graubünden are among the highest in all of Switzerland (e.g. Schlatter and Marti 2002) . Towards the north, uplift rates decrease rapidly and in the area of the northern Helvetic front they amount to only a few tenths of a mm/yr. In fact, a map reproduced in Kahle et al. (1997) shows that the Helvetic domain in the northern Valais and north of Graubünden with the predominance of strike-slip events are the regions with the strongest uplift rate gradients in Switzerland. This fact is also visualized by Persaud and Pfiffner (2004) in a plot of uplift rates along a profile parallel to the cross-section in our Fig. 2 . Although it is not possible to establish a more detailed correlation between, for example, the orientation of the T-axes of the focal mechanisms and the trend of the uplift rate gradient, the correlation of the variation of stress regimes demonstrated by the earthquake focal mechanisms and the change in uplift rates is significant (e.g. Sue et al. 2007 ). The resulting extensional regime in regions of a topographic high, large crustal thickness and strong uplift is similar to what was found in the Western Alps by Sue et al. (1999) and Delacou et al. (2004) and in the Valais by Maurer et al. (1997) and Kastrup et al. (2004) . Figure 8 places our results into a regional context. As discussed by Kastrup et al. (2004) , the stress field in the northern Alpine foreland is the consequence of the opening of the Atlantic Ocean and the slow but ongoing convergence between Africa and Europe. This they consider to represent the regional stress field. Based on the assumption that the orientation of S3 in the Penninic/Austroalpine domain of Graubünden is equal to the mean trend of the T-axes of the focal mechanisms available to them at that time, Kastrup et al. (2004) postulated a counter-clock rotation of 49°of S3 in Graubünden relative to this regional stress field. They explained this rotation as the consequence of the superposition of the regional stress field and a uniaxial extensional stress oriented perpendicularly to the strike of the orogen. Such extensional stresses in the highest regions of a mountain belt are expected as a consequence of the topography and of the lateral density variations due to the crustal root below the orogen (see Sue et al. 2007 and references therein). The lateral density variations below the Alps are documented, for instance, in Kissling et al. (2006) . According to the analysis of Kastrup et al. (2004) , based on the observed stress rotation and the local strike of the orogen, the magnitudes of the regional differential stress and the local uniaxial stress must be nearly equal, and Sue et al. (2007) speak of a ''subtle balance between boundary forces and buoyancy forces''. Our results indicate that the rotation of S3 between the foreland and the orogen is only about 39°. However, considering the scatter of the stress orientations obtained from the inversions, which is on the order of 10°, the difference between 39°and 49°of the rotation angle is not significant, and an update of the analysis performed by Kastrup et al. (2004) based on the smaller rotation angle obtained from our stress inversion will not change their conclusion substantially.
Conclusions
As has been observed in the Western Alps (e.g. Delacou et al. 2004; Sue et al. 2007 ) and in the Penninic domain of Fig. 8 Stress regimes in Switzerland (modified after Kastrup et al. 2004) , grey arrows stress orientations determined by Kastrup et al. (2004) , black arrows new or updated stress orientations (this study) the southern Valais (e.g. Maurer et al. 1997) , the stress field in the Penninic/Austroalpine domain of the eastern Swiss Alps is characterized by extension oriented at a high angle relative to the strike of the orogen. Thus, the Penninic nappes, which were emplaced as large-scale compressional structures during the Alpine orogenesis, are now deforming in an extensional mode. This contrasts with the more compressional strike-slip regime in the Helvetic domain of the northern Alpine front. Whereas the Penninic/Austroalpine domain is an area with some of the highest uplift rates in all of Switzerland, the Helvetic domain is characterized by the strongest uplift rate gradient.
Relative to the northern Alpine foreland, the orientation of the least compressive stress in the Penninic/Austroalpine domain is rotated counter-clockwise by about 40°. It is generally accepted (e.g. Kastrup et al. 2004 ) that the stress observed in the northern Alpine foreland reflects the regional stress field, which is due to the opening of the Atlantic and the ongoing convergence between the African and European continental plates. Following Kastrup et al. (2004) , the observed rotation of the orientation of the least compressive stress in the Penninic/Austroalpine region can be explained as the superposition of this regional stress field and a uniaxial extensional stress perpendicular to the local trend of the Alpine mountain belt. As discussed in detail by Sue et al. (2007) , such a spreading stress in regions of elevated topography and large uplift rates is expected from lateral density variations due to a crustal root.
